isomerization rates up to 1,000,000 per second (Schnapf et al., 1990). Thus, the maximal rate of visual-pigment regeneration is 2000-fold higher in cones than rods.
Introduction
In the current study, we investigated the mechanism of retinoid recycling in two cone-dominant species, Light perception in vertebrates is mediated by two types of photoreceptors, rods and cones. Rods are specialchicken and ground squirrel. We demonstrate three novel catalytic activities in retinas from these species ized for vision at night while cones provide high-resolution color vision in daylight. Although cones comprise that mediate the processing of visual retinoids. We propose that these activities represent enzymatic steps in only about 5% of photoreceptors in the human retina, they are far more important than rods for vision in daya novel visual cycle that provides high-throughput pigment regeneration in cone photoreceptors. light. With the advent of artificial lighting, people spend most of the time under light conditions where the rod response is saturated and sight is mediated entirely by Results cones.
Rod and cone photoreceptors contain a light-sensiCone-Dominant Retinas Contain Retinyl Esters tive structure called the outer segment, comprising a
We determined the content of fatty-acyl retinyl esters stack of membranous discs ( Figure 1A ). These discs are in light-adapted bovine, mouse, chicken, and groundloaded with rhodopsin (in rods) or cone opsin visual squirrel retina and RPE membranes by high-perforpigments. The light-absorbing chromophore for both mance liquid chromatography (HPLC) (Weng et al., pigment types is 11-cis-retinaldehyde. Absorption of a 1999). 11-cis-and all-trans-retinyl esters were present single photon by a visual pigment molecule results in in chicken (Nicotra et al., 1994; Rodriguez and Tsin, 11-cis to all-trans isomerization of the chromophore.
1989) and ground-squirrel retinas, but were virtually unThis induces a conformational change in the opsin prodetectable in retinas from cattle and mice ( Figure 2A ). tein that activates the visual transduction cascade. BeIn contrast, retinyl esters were higher in RPE from cattle fore light sensitivity can be restored to the apo-opsin, and mice compared to chicken and ground squirrels all-trans-retinaldehyde must be converted back to 11-( Figure 2B ). We determined the fatty acid composition of each ester sample by saponification (hydrolysis in alkali) and derivitization of the free fatty acids. Retinyl esters from the retinal tissues contained approximately LRAT activity in bovine and mouse RPE membranes. First, RPE microsomes were irradiated with UV light 25% unsaturated fatty acids while those from the RPE to eliminate endogenous retinoids. Incubation with alltissues contained predominantly saturated palmitic and trans-retinol resulted in the rapid formation of all-transstearic acids. These differences reflect the distinct fatty retinyl esters ( Figures 3A and 3B ). Retinyl-ester producacid compositions of phospholipids from each tissue tion plateaued after several minutes incubation due to (Gulcan et al., 1993), and offer evidence that the retinas depletion of usable phosphatidylcholine (Saari et al., and RPE were cleanly separated during dissection. Rep-1993) , which is the fatty-acyl donor for LRAT. No 11-resentative chromatograms for retinyl esters from cis-retinyl esters (or 11-cis-retinol) were produced by ground-squirrel retinas and authentic retinyl ester stanbovine or mouse RPE membranes from all-trans-retinol dards are shown in Figures 2C and 2D . To confirm our substrate during the time course of these reactions. Allidentification of retinyl esters in this and all subsequent trans-retinyl ␣-bromoacetate (tRBA) is a potent competiexperiments, we saponified esters from each tissue and tive inhibitor of LRAT (Trehan et al., 1990) . As expected, analyzed the resulting retinols in parallel with saponified addition of tRBA to bovine or mouse RPE membranes ester standards by HPLC. As shown for ground squirrel blocked formation of all-trans-retinyl esters from allin Figures 2E and 2F , the retinol products of ester hydrotrans-retinol ( Figures 3A and 3B ). These data are consislysis were in agreement with the identified intact esters. tent with the observation that the dominant retinyl-ester synthase in RPE is LRAT. We observed no detectable Novel Retinyl-Ester Synthase in Chicken formation of retinyl esters by bovine or mouse retinal and Ground-Squirrel Retinas membranes from either all-trans-retinol or 11-cis-retinol We began our investigation into the sources of all-transsubstrates. Strikingly different results were obtained with RPE ϩ and 11-cis-retinyl esters in ocular tissues by measuring retinol substrate (Figures 3C and 3D ). Addition of tRBA had no effect on the formation of 11-cis-retinyl esters from all-trans-retinol by these chicken or ground-squirrel membranes. The rate of 11-cis-retinyl-ester synthesis from all-trans-retinol by ground-squirrel RPE ϩ retinal membranes was ‫-01ف‬fold slower than the rate of alltrans-retinyl ester synthesis by an equivalent sample of bovine RPE membranes. Prior heating of groundsquirrel or chicken RPE ϩ retinal membranes at 100ЊC for 2 min abolished the synthesis of 11-cis-retinyl esters, confirming an enzymatic process. These data suggest that chicken and ground-squirrel retinas contain an additional retinyl-ester synthase distinct from LRAT.
Rod (R) and cone (C) photoreceptors each contain an outer segment (OS), which is the site of photon capture and the reactions of visual transduction. Adjacent to the outer segments is the retinal pigment epithelium (RPE), which plays a role in the processing of retinoids but is not considered part of the retina. The Mü ller glial cell (M) may also play a role in retinoid processing. Second-order bipolar cells (BC) and third-order ganglion cells (GC) are shown but not discussed. (B) Visual cycle in rod-dominant retinas. Absorption of a single photon (hv) by a rhodopsin pigment molecule in the rod outer segment induces 11-cis to all-trans isomerization of the 11-cis-retinaldehyde (11cRAL) chromophore to form active metarhodopsin II (MII). MII rapidly decays to yield apo-rhodopsin and free all-trans-retinaldehyde (atRAL). The all-trans-retinaldehyde is reduced to all-trans-retinol (atROL) by all-trans-retinol dehydrogenase (atRDH)
Another potent inhibitor of LRAT is N-ethylmaleimide (NEM) (MacDonald and Ong, 1988), which presumably reacts with a cysteine residue in the LRAT catalytic site (Mondal et al., 2000) . Preincubation of bovine RPE membranes with NEM completely suppressed synthesis of all-trans-retinyl esters from all-trans-retinol ( Figure 3E ). Preincubating ground-squirrel retinal membranes with NEM, however, had no effect on the synthesis of 11-cis-retinyl esters from all-trans-retinol ( Figure 3F ). Synthesis of 11-cis-retinyl esters from all-trans-retinol by chicken retinal membranes was similarly insensitive to NEM (not shown). No all-trans-retinyl esters were synthesized by ground-squirrel or chicken retinal membranes due to the absence of LRAT, which is expressed in RPE but not retina (Fulton and Rando, 1987). These studies provide further evidence for a retinyl-ester synthase in ground-squirrel and chicken retinas, distinct from LRAT, that catalyzes formation of 11-cis-but not all-trans-retinyl esters from all-trans-retinol substrate. 
Synthesis of 11-cis-Retinyl Esters by

4B, and 4G). This increase was accompanied by a 25%
experiment using chicken RPE ϩ retina membranes with similar results (not shown). Three conclusions can be reduction in the synthesis of all-trans-retinyl esters, presumably representing competition of the 11-cis-retinyl drawn from these observations: (1) all-trans to 11-cis isomerization of retinol is dependent on palm-CoA; (2) ester synthase with LRAT for all-trans-retinol substrate. Similar stimulation of 11-cis-retinyl ester synthesis was palm-CoA serves as a fatty-acyl donor for the 11-cisretinyl ester synthase in chicken and ground-squirrel observed with addition of 100 M myristoleoyl and stearoyl CoA. No stimulation was observed with addition retinas; and (3) palm-CoA is not an acyl donor for LRATmediated synthesis of all-trans-retinyl esters, as preof acetyl CoA, however. As before, we confirmed our identification of each ester species by saponifying the viously reported (Saari and Bredberg, 1988) . The latter two observations represent further evidence to distineluted esters and analyzing the released retinols by HPLC. The radiograms generated by online analysis of guish the 11-cis-retinyl-ester synthase in cone-dominant retinas from LRAT. Together, the data presented ure 5B). Addition of apo-CRALBP dramatically increased production of 11-cis-retinol. The highest levels of 11-catalytic step. According to the second mechanism, passive isomerization of all-trans-to 11-cis-retinol is cis-retinol were produced in the presence of apo-CRALBP and the absence of palm-CoA. We performed driven by mass action through subsequent palm-CoAdependent synthesis of 11-cis-retinyl esters. Both mecha parallel study on retinal membranes from ground squirrel with similar results (not shown). These data indicate anisms are consistent with the observations that no alltrans-retinyl esters and only low levels of 11-cis-retinol that 11-cis-retinol is an intermediate in the conversion of all-trans-retinol to 11-cis-retinyl esters, and suggest are formed during the time course of the reaction. To distinguish between these two possibilities, we tested that the new isomerase catalyzes the equilibrium between all-trans-retinol and 11-cis-retinol. Retinol isomthe effects of apo-CRALBP, with or without added palmCoA, on the conversion of [ retinol isomerase in cone-dominant retinas and isomerohydrolase in RPE, we performed kinetic analysis of converted to 11-cis-retinyl esters in a single enzymatic step per the first mechanism, we would predict no effect isomerohydrolase activity in microsomes from chicken RPE at increasing concentrations of all-trans-retinylupon addition of apo-CRALBP. However, if passive isomerization of retinol is a distinct enzymatic step from ester substrate. V max for chicken isomerohydrolase was 45 pmol/min/mg protein, which is in good agreement synthesis of 11-cis-retinyl esters, per the second mechanism, we would predict a shift in the equilibrium to favor with the published V max of 44.3 pmol/min/mg for isomerohydrolase in bovine RPE microsomes (Winston and formation of 11-cis-retinol with addition of apo- Rando, 1998). The K M 's were 3.91 M for chicken and 3.66 M all-trans-retinyl ester for bovine isomerohydrolase in RPE microsomes. We also performed kinetic analysis of isomerohydrolase activity in total chicken RPE membranes. Here, V max was 18.5 pmol/min/mg. The concentration of protein in total membranes was 1.5 mg per chicken RPE. for pro-S-11-cis-retinol ( Figure 6C ) and pro-S-NADPH substrates ( Figure 6D ). To confirm the dinucleotide specificity, we also assayed the 11-cis-retinol dehycis-retinol to 11-cis-retinaldehyde). Here, we observed similar specificity for NADP ϩ /NADPH (not shown). drogenase from ground-squirrel and chicken retinal membranes in the "forward" direction (conversion of 11-Members of the short-chain dehydrogenase (SDR) family, which includes the retinol dehydrogenases, exAn All-trans-Retinol Isomerase hibit low specificity with regards to alcohol substrate.
H]-decays per minute (dpm) (C and D), and [ 14 C]-dpm (E and F). Note that [ 14 C]-palmitate is incorporated into 11-cis-retinyl esters (11cRE) but not all-trans-retinyl esters (atRE). (G) Histogram showing levels of 11-cis-retinyl esters (red bars) and all-trans-retinyl esters (gray bars
Discussion
in Cone-Dominant Retinas To exclude the possibility that the 11-cis-retinol dehy-
The isomerase activity observed in ground-squirrel and drogenase activity observed in retinas is due to the chicken retinas is distinct from the previously described promiscuous use of 11-cis-retinaldehyde substrate by isomerohydrolase in RPE. While isomerohydrolase uses another SDR, we added all-trans-retinaldehyde to the all-trans-retinyl esters as a substrate (Deigner et al., reaction mixtures at 40 M, approximately ten times the 1989), the new isomerase uses all-trans-retinol. Isomer-K m for 11-cis-retinaldehyde. Under these assay condiization of all-trans-retinol to 11-cis-retinol is accompations, nonspecific utilization of 11-cis-retinaldehyde nied by a free-energy change of ϩ4.1 kcal/mol (Rando would be inhibited by the excess all-trans-retinaldeand Chang, 1983). In RPE membranes, this energy is hyde. No inhibition would be expected, however, of a thought to come from coupled hydrolysis of the carboxdehydrogenase with true 11-cis-retinol/11-cis-retinaldeylate ester in all-trans-retinyl esters (⌬G ϭ Ϫ5 kcal/mol) hyde specificity. The 11-cis-retinol dehydrogenase ac-(Deigner et al., 1989). Alternatively, it has been sugtivities in bovine and mouse retinal microsomes were gested that retinol isomerization may be driven by mass significantly suppressed under these stringent assay action using the exothermic regeneration of rhodopsin conditions ( Figure 6E of CoA were present endogenously in ground-squirrel We also assayed retinal microsomes for all-trans-retiand chicken retinal membranes at micromolar concennol dehydrogenase activity. Table 1 shows the kinetic parameters, V max and K M , for 11-cis-retinol dehydrogetrations, which explains the basal synthesis of 11-cisretinyl esters with no added palm-CoA. Addition of aponase and all-trans-retinol dehydrogenase in retinal microsomes from the four species. Higher levels of all-CRALBP to the reaction mixture strongly stimulated synthesis of 11-cis-retinol ( Figure 5 ). Thus, all-trans to trans-retinol dehydrogenase activity were observed in ground squirrel and chicken compared to bovine and 11-cis isomerization was only observed under conditions where the 11-cis-retinol product was removed mouse. Interestingly, the V max values for the new 11-cisretinol dehydrogenase and all-trans-retinol dehydrogefrom the equilibrium reaction through esterification or binding to apo-CRALBP. The most parsimonious explanase were comparable in the two cone-dominant species. This implies similar rates for the reduction of allnation for these data is that the new all-trans-retinol isomerase catalyzes passive isomerization, and that the trans-retinaldehyde and oxidation of 11-cis-retinol in cones.
production of 11-cis-retinoids is driven by mass action.
An 11-cis-Retinyl-Ester Synthase in Retinas at a higher maximal rate than rods. These data agree with the observed faster onset of all-trans-retinol fluoThe 11-cis-retinyl-ester synthase described here in chicken and ground-squirrel retinas has catalytic proprescence in isolated salamander cones compared to rods following a laser photobleach (Cornwall et al., erties that are distinct from the two previously described retinyl-ester synthases. One is LRAT, which has been 2000). Cones recover sensitivity following a photobleach much faster than do rods. The etiology of this difference cloned (Ruiz et al., 1999) . LRAT is strongly inhibited by both tRBA and NEM. LRAT generates all-trans-retinyl in response kinetics is undoubtedly complex. However, one factor may be faster clearance of all-trans-retinaldeesters from all-trans-retinol substrate (Saari and Bredberg, 1988) . LRAT is present in RPE but has never been hyde in cones, as suggested by the higher V max values for all-trans-retinol dehydrogenase in cone-dominant observed in retinal tissues. Finally, LRAT uses phosphatidylcholine as a fatty-acyl donor (Shi et al., 1993) . In retinas. contrast, the new 11-cis-retinyl-ester synthase was not inhibited by tRBA or NEM (Figure 3 observations that did not make sense until now. that Utilizes NADP ؉ 11-cis-retinol dehydrogenase activity has never been previously described in retina. We detected an abundant Kinetics of Retinoid Isomerization for Rods and Cones 11-cis-retinol dehydrogenase activity in microsomal membranes from chicken and ground-squirrel retinas Vertebrates are capable of sustained vision under daylight conditions. This capacity requires that the rate of (Figure 6 ). Unlike the major 11-cis-retinol dehydrogenase in RPE (11-cis-retinol dehydrogenase type-5), all-trans to 11-cis re-isomerization matches the rate of 11-cis-retinaldehyde photoisomerization under steadywhich uses NAD ϩ as a cofactor, the 11-cis-retinol dehydrogenase described here used NADP ϩ . A minor 11-state conditions. Is there a requirement for a supplementary visual cycle, or can the previously described visual cis-retinol dehydrogenase activity that uses NADP ϩ and exhibits similar pro-S stereospecificity for both 11-ciscycle in RPE cells ( Figure 1B , 1994) . Thus, the actual rate of chromophore delivery required by cones is probably vision. However, under these circumstances, cones must compete with an excess of rods for the limited lower. Still, the visual cycle in RPE is likely too slow to sustain light sensitivity at high levels of illumination.
supply 11-cis-retinaldehyde. This competition becomes more critical when we consider that recombination of A similar calculation can be performed for the hypothesized visual cycle in retinas. Since only cones can use 11-cis-retinaldehyde with apo-rhodopsin is hugely favored thermodynamically over recombination with apo-11-cis-retinol to regenerate photopigment, we must first correct the target rate of photoisomerization to reflect cone opsin, as discussed above. Rods thus have a strong tendency to "steal" chromophore from cones. only photoisomerizations in cones. Chicken retinas contain 60% cones, hence 0.6 ϫ 1,500 ϭ 900 pmol-photoThe visual cycle presented here provides a possible mechanism for cones to escape this fierce competition. isomerizations per minute per eye. The maximal rate of all-trans to 11-cis isomerization by chicken retinal By expressing 11-cis-retinol dehydrogenase, cones gain access to 11-cis-retinol released by Mü ller cells. This membranes in the presence of palm-CoA and apo-CRALBP was 430 pmol/min/mg protein ( Figure 5 ). The represents an exclusive source of chromophore precursor for cones, since rods cannot utilize 11-cis-retinol. protein content of these membranes was 1.4 mg per chicken retina. Thus, the visual cycle subserving coneThe local formation of 11-cis-retinaldehyde in cone outer segments would result in high regional concentrations pigment regeneration can sustain isomerization rates of 600 pmols per minute per eye. Although 20-fold faster and a short mean diffusion path to apo-cone opsin. These effects would protect cones from "chromophore than the maximal rate of isomerization in RPE from the same species, even the alternate pathway can only protheft" by rods. vide chromophore at two-thirds the theoretical maximum rate of photoisomerization in brightest daylight. (Table 1) suggests that these enAlthough the all-trans-retinol isomerase and 11-cis-retinyl-ester synthase activities were only observed in the zymes operate with similar turnover rates in vivo. Eliminating the need for energy-dependent synthesis of two cone-dominant retinas, we suggest that the alter- We present evidence in this paper for an alternate visual described above using either sample peak area units or peak height dpm and the appropriate calibration curve.
Reciprocal Retinol Oxio-Reduction in Cones
cycle that augments pigment regeneration in cones. Analysis of retinoid turnover reveals that the previously 
